Abstract. The international agency for research on cancer has classified formaldehyde (FA) as a leukemogen to humans in 2012; however, the underlying mechanism remains unclear. Phosphatase and tensin homologue deleted on chromosome 10
Introduction
Formaldehyde (FA) is hematotoxic to humans and mice (1) , and has been classified as a human leukemogen by the International Agency for Research on Cancer (2) and the U.S. National Toxicology Program (3); however, the exact mechanism remains unclear. The bone marrow (BM) is the site of blood cell generation from hematopoietic stem cells, as well as the target site for the induction of leukemia (4) . Numerous studies have investigated the toxicity of FA; however, few investigations into the effects of FA on the BM have been conducted.
Phosphatase and tensin homologue deleted on chromosome 10 (PTEN) was the first phosphatase identified as a tumor suppressor gene and has been considered as a negative regulator of the phosphoinositide 3-kinase (PI3K)/protein kinase B (Akt) signaling pathway, which modulates the cell cycle, apoptosis and differentiation (5, 6) . Additionally, PTEN is expressed at low levels in leukemia cells, and can regulate the invasive ability and angiogenesis of these cells (7) . Downregulated PTEN can lead to the abnormal expression of proteins involved in the PI3K/Akt signaling pathway, and induce malignant diseases of the blood (8, 9) . PI3K is the initiator of PI3K/Akt signaling pathway, which regulates the proliferation and survival of tumor cells, and serves an important role in the onset of leukemia (10) . The abnormal activity of PI3K not only induces the malignant transformation of cells, but is also associated with the migration and adhesion of tumor cells, as well as the degradation of extracellular matrix (11) . Akt is the direct target protein of PI3K, and can activate or inhibit numerous downstream signaling molecules, including B-cell lymphoma 2 (Bcl-2), Bcl-2-associated X (Bax), mammalian target of rapamycin (mTOR) and Caspase-9 (12, 13) . At present, no studies into the association between FA and the PTEN/PI3K/Akt signal transduction pathway in bone marrow cells (BMCs) have been conducted. Therefore, the aim of the present study was to determine whether FA could induce the apoptosis of BMCs via the PTEN/PI3K/Akt signal transduction pathway, so as to investigate the potential mechanism underlying the progression of leukemia. Our results may provide an experimental basis for future studies into the mechanisms of FA toxicity and the prevention of leukemia.
Materials and methods
Reagents. Dulbecco's Modified Eagle's medium (DMEM) and fetal bovine serum were purchased from Gibco (Thermo Fisher Scientific, Inc., Waltham, MA, USA). Tryptase and 100X penicillin/streptomycin mixing liquid were purchased from Beyotime Institute of Biotechnology (Shanghai, China). FA (36.5-38% in water, formula weight, 30.03), a Cell Counting Kit 8 (CCK-8) assay kit, ethidium iodide and RNA enzymes were purchased from Sigma-Aldrich (Merck KGaA, Darmstadt, Germany). An apoptosis analysis kit was purchased from BD Biosciences (San Jose, CA, USA). Antibodies against PTEN (cat. no. sc-7974), PI3K (cat. no. sc-374534), Akt (cat. no. sc-5298), Bcl-2 (cat. no. sc-7382), Bax (cat. no. sc-20067), and Caspases-3 (cat. no. sc-56053) and -9 (cat. no. sc-73548) were purchased from Santa Cruz Biotechnology, Inc. (Dallax, TX, USA). All reagents were of the highest purity commercially available.
Animals and treatment.
A total of 30BALB/c mice (specific-pathogen free, male, 6-8-weeks-old, 18-20 g) were purchased from the Experimental Animal Center of Chongqing Medical University (Chongqing, China, license no. SCXK-Yu 2012-0001), and housed under standard laboratory conditions (temperature: 20-25˚C; relative humidity: 50-70%; 12 h light dark cycle). Food and water were provided ad libitum. All animal experiments were conducted in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals (14) and were approved by the Ethics Committee of Jilin University (Changchun, China).
Cell culture. Following sacrifice of the BALB/c mice, the femurs were harvested and the surrounding tissues were removed. Then, an incision was made on the greater trochanter and the samples were washed twice with 0.01 mol/l PBS; 1-ml sterile syringes were used to wash the BMCs. This process was repeated until the cells were completely removed from the femur samples. Subsequently, BMCs were filtered with a 200-mesh nylon filter to obtain a single bone marrow cell suspension. The cells were washed with 0.01 mol/l PBS, resuspended in DMEM and counted using a cell counter (Bio-Rad Laboratories, Inc., Hercules, CA, USA) for subsequent analysis.
Cell viability assay. The cell viability assay was performed using a CCK-8 assay kit according to the manufacturer's protocols. BMCs were seeded in 96-well plates with a density of 1x10 5 cells/ml, and exposed to various doses of FA (50, 100 and 200 µmol/l) for 12, 24 and 48 h at 37˚C in an incubator with 5% CO 2 ; untreated cells served as the control (Ctrl) group. Additionally, a blank group containing medium only with no cells was also included. The cells (untreated and treated with FA) and the blank group were then incubated with 10 µl of the CCK-8 solution for 1.5 h at 37˚C in an incubator with 5% CO 2 .
Then, the number of viable cells in each well was counted by measuring the absorbance at a wavelength of 450 nm with a microplate reader (Thermo Fisher Scientific, Inc.).
Cell
Cell cycle assay. Following treatment with various doses of FA (50, 100 and 200 µmol/l) for 24 h at 37˚C in an incubator with 5% CO 2 , BMCs were washed twice with 0.01 mol/l pre-cooled PBS. Then, the cells were fixed overnight in pre-cooled 70% ethanol at 4˚C; 100 µl RNase (10 µg/ml) and 100 µl propidium iodide (5 µg/ml) were added to cells. The cells were incubated without light for 30 min at 37˚C. The cell cycle was measured with a flow cytometer (FACSVantage SE; BD Biosciences) and data were analyzed using Cell Quest software (version 5.1; BD Biosciences).
Cell cycle assay following PI3K inhibitor treatment. The cells were divided into the Ctrl, FA, negative control (NC; untreated cells) + LY294002 and FA + LY294002 groups; 10 µmol/l LY294002 (Santa Cruz Biotechnology, Inc.) was added into the inhibitor treatment groups and 100 µmol/l FA was selected for treatment. Then, the cells were incubated for 24 h at 37˚C in an incubator with 5% CO 2 . Analysis of the cell cycle was conducted as aforementioned.
Determination of cell apoptosis by flow cytometry (FCM).
Following BMC exposure to different doses of FA (50, 100 and 200 µmol/l) for 24 h, cells were collected and centrifuged at 800 x g for 5 min at room temperature; the cells were then washed twice with 0.01 mol/l PBS, and centrifuged at 800 x g for 5 min at room temperature. A total of 1x10 5 cells were collected, to which 5 µl 7-aminoactinomycin D dye solution was added. The cells were incubated in the dark at room temperature for 15 min. Subsequently, 450 µl Binding Buffer (BD Biosciences) was applied, followed by 1 µl Annexin V-phycoerythrin; cells were incubated at room temperature for 15 min. Cell apoptosis was measured by FCM (FACSVantage SE) and data were analyzed using Cell Quest software.
Expression of PTEN, PI3K and Akt as analyzed by reverse transcription-quantitative polymerase chain reaction (RT-qPCR).
BMCs were divided into the Ctrl and various FA-treatment groups (50, 100 and 200 µmol/l). Cells were treated with FA for 24 h and the total RNA was extracted using TRIzol ® reagent (Thermo Fisher Scientific, Inc.). PrimeScript™ RT reagent (Takara Biotechnology, Co., Ltd., Dalian, China) was used to reverse transcribe RNA samples into cDNA under the following conditions: 25˚C for 10 min, 42˚C for 50 min and 85˚C for 5 min. Based on the sequence complementarity of the cDNA template to the upstream and downstream primers of target genes, cDNA was used for qPCR. The mRNA expression levels were determined using an SYBR ® Premix Ex Taq™ kit (Takara Biotechnology Co., Ltd.) on an FTC-3000 system (Funglyn Bio Inc., Toronto, Canada). qPCR was conducted as follows 
Expression of PTEN, PI3K and Akt via western blot analysis.
BMCs were divided into the Ctrl and various FA-treatment groups (50, 100 and 200 µmol/l). Following treatment with FA for 24 h, the protein in BMCs was extracted using a Protein Extraction kit (Beyotime Institute of Biotechnology), and the protein level was determined using a BCA Protein Assay kit (Beyotime Institute of Biotechnology). Then, equal amounts of protein (35 µg) were separated via 12% SDS-PAGE and transferred to polyvinylidene difluoride membranes via electroblotting. The membranes were blocked with 5% non-fat dried milk in 1X TBST buffer (pH 7.6; 2.42 g Tris base, 8.0 g NaCl, 1,000 ml ddH 2 O and 0.5 ml Tween-20) for 1.5 h at room temperature. Subsequently, the membranes were incubated with primary polyclonal antibodies, at a dilution of 1:1,000 for β-actin (cat. no. sc-47778; Santa Cruz Biotechnology, Inc.), and 1:500 for PTEN, PI3K and Akt for 1.5 h at room temperature. Then, the membranes were washed three times with TBST, and incubated for 1.5 h at room temperature with a horseradish peroxidase-conjugated goat anti-mouse immunoglobulin G (IgG) secondary antibody (1:1,000; cat. no. sc-2005; Santa Cruz Biotechnology, Inc.). The protein bands were visualized using an enhanced chemiluminescence detection system (Tannon Science & Technology, Co., Ltd., Shanghai, China), and an Image analysis system (Labworks™ analysis software, Labworks LLC, Lehi, UT, USA).
Expression of Bcl-2, Bax, and Caspases-3 and -9 via immunohistochemistry. BMCs were collected and divided into the Ctrl and various FA-treatment groups (50, 100 and 200 µmol/l). Following treatment with FA for 24 h, the cells of each group were conventionally smeared onto slides. Following fixation with formalin buffer solution 10% for 15 min at room temperature, the slides were air dried and then stored in a refrigerator at -20˚C. The slides were treated with 3% H 2 o 2 for 15 min at room temperature, washed with 0.01 mol/l PBS three times, and then blocked with 10 µl 10% non-immune mouse serum (Abbkine Scientific Co., Ltd., Lake Bluff, IL, USA) for 15 min at room temperature. Subsequently, slides were incubated with primary antibodies against Bcl-2, Bax, Caspases-3 and -9 (all 1:100; Santa Cruz Biotechnology, Inc.) overnight at 4˚C. After washing with PBS three times, the slides were incubated with horseradish peroxidase-conjugated goat anti-mouse IgG secondary antibody (1:1,000; cat. no. L3032-2; Signalway Antibody LLC, College Park, MD, USA) for 15 min at room temperature. Following a further three washes with PBS, 10 µl of Streptomyces antibiotic protein-peroxidase solution (Beijing Zhongshan Golden Bridge Biotechnology Co, Ltd.; OriGene Technologies, Inc., Beijing, China) for 15 min at room temperature. The color reaction was performed with 3,3-diaminobenzidine (Beyotime Institute of Biotechnology), then slides were counterstained with hemotoxylin (Beyotime Institute of Biotechnology) for 2 min at room temperature. Subsequently, the slides were placed in 70% HCl-ethanol for 15 sec and washed in water, and then in weak ammonia for 15 sec. Slides were then dehydrated and mounted. Five random visual fields were observed using an Olympus BX-50 light microscope (magnification, x200; Olympus Corporation, Tokyo, Japan); 100 cells were selected in each field. Cells with brown-yellow particles deposited on the membrane or nucleus were counted as positive cells, and the positive rate was calculated by the formula:
Positive staining (%) = Positive cells/cells x100%.
Statistical analysis. Statistical analysis was performed using SPSS software v24.0 (IBM Corp., Armonk, NY, USA). All experiments were performed at least three times, and the data were expressed as the mean ± standard deviation. Significant differences between groups were determined by one-way analysis of variance followed by a Tukey's multiple comparison test. P<0.05 was considered to indicate a statistically significant difference.
Results
Effects of FA on cell viability. Following exposure to different doses of FA (50, 100 and 200 µmol/l) for 12, 24 and 48 h, cell viability was significantly reduced in response to increasing concentrations of FA compared with the Ctrl group. As presented in Fig. 1 , FA suppressed the viability of BMCs in a dose-and time-dependent manner; a significant difference in cell viability was observed at 12, 24 and 48 h (P<0.05). In addition, a significant difference between the 200 and 50 µmol/l FA treatment groups at 24 and 48 h was reported (P<0.05), and compared with the 100 µmol/l group at 48 h (P<0.01; Fig. 1 ). FA treatment was detected compared with the Ctrl group (P<0.01). Additionally, significant differences in the proportion of cells in G 0 /G 1 and S-phase of the 100 and 200 µmol/l groups compared with the 50 µmol/l group were observed (P<0.01). The number of cells in S-phase significantly differed between the 200 and 100 µmol/l groups (P<0.05). The number of G 2 /M-phase cells in each group was markedly unaltered. These results demonstrated that FA may induce cell cycle arrest at G 0 /G 1 phase in BMCs and alter cell proliferation to inhibit cell growth and development (Table i; Fig. 2 ).
Effects of

Determination of cell apoptosis by FCM.
Following treatment with different doses of FA (50, 100 and 200 µmol/l) for 24 h, FCM was conducted to detect apoptosis. The results demonstrated that the percentage of apoptotic cells was significantly increased with increasing concentrations of FA; significant increases were reported with FA treatment compared with the Ctrl group (P<0.01). Additionally, significant differences in the 100 and 200 µmol/l groups compared with the 50 µmol/l group were observed (P<0.01). Furthermore, a significant difference between the 200 and 100 µmol/l groups was reported (P<0.01; Fig. 3) .
Determination of PTEN, PI3K and Akt expression by RT-qPCR.
Following treatment with different doses of FA (50, 100 and 200 µmol/l) for 24 h, the mRNA expression levels of Table I . Effects of formaldehyde on the cell cycle of bone marrow cells from mice. PTEN were notably suppressed with increasing concentrations of FA; significant decreases in the 100 and 200 µmol/l groups were observed compared with the Ctrl (P<0.05). Additionally, significant differences following treatment with 200 µmol/l FA were detected compared with 50 and 100 µmol/l FA (P<0.05). The mRNA expression levels of PI3K were upregulated with increasing concentrations of FA; significant increases in expression following treatment with 100 and 200 µmol/l FA were reported compared with the Ctrl (P<0.01). The mRNA expression levels of Akt were also upregulated in response to increasing concentrations of FA; significant increases between the FA treatment groups and the Ctrl were observed (P<0.01). In addition, there were significant differences in Akt expression following treatment with 100 and 200 µmol/l FA compared with 50 µmol/l FA (P<0.05; Fig. 4) . Fig. 5 , following treatment with different doses of FA (50, 100 and 200 µmol/l) for 24 h, the expression levels of PTEN protein were decreased, whereas the protein expression levels of PI3K and Akt were upregulated with increasing concentrations of FA.
cell cycle -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------
Determination of PTEN, PI3K and Akt protein expression by western blot analysis. As presented in
Bcl-2, Bax, and Caspases-3 and -9 protein expression as determined by immunohistochemistry.
As presented in Fig. 6 , the expression levels of Bax, and Caspases-3 and -9 protein were upregulated with increasing concentrations of FA, while the expression of Bcl-2 was decreased. There were significant increases in the expression levels of the aforementioned proteins in response to 100 and 200 µmol/l FA compared with the Ctrl (P<0.01). In addition, significant increases in the 100 and 200 µmol/l FA groups were reported compared with the 50 µmol/l FA group (P<0.01); a significant difference between the 200 and 100 µmol/l FA groups was also observed (P<0.05).
Determination of the cell cycle by FCM following treatment with LY294002. The BMCs were divided into Ctrl, FA, NC + LY294002 and FA + LY294002 groups. After 24 h of FA (100 µmol/l) treatment, the proportion of cells in S-phase in the FA, NC + LY294002 and FA + LY294002 groups decreased compared with the Ctrl group (P<0.01), whereas the number of cells in G 0 /G 1 in the FA and FA + LY294002 groups was significantly increased (P<0.01); however, there was no notable alteration in the number of cells in G 0 /G 1 in the nc + LY294002 group compared with the Ctrl. Additionally, the proportion of cells in G 2 /M-phase in the NC + LY294002 and FA groups was also significantly increased compared with the Ctrl group (P<0.01), whereas there was no difference between the FA + LY294002 and Ctrl groups. Furthermore, compared with the NC + LY294002 group, significant differences were observed in the FA and FA + LY294002 groups in the number of cells in G 0 /G 1 and S-phase (P<0.01), whereas the number of cells in G 2 /M-phase increased in the FA group (P<0.05) and decreased in the FA + LY294002 group (P<0.01). It was also observed that the proportion of cells in S-and G 2 /M-phase significantly varied in FA+ LY294002 group compared with the FA group (P<0.01); however, there was no change in G 0 /G 1 -phase (Table ii; Fig. 7) . The results suggested that FA may alter cell proliferation and induce G 0 /G 1 -phase arrest. After using a PI3K inhibitor to block the PTEN/PI3K/Akt signaling pathway, it was observed that the proportion of cells in S-phase increased compared with FA group, whereas that in G 2 /M-phase decreased, indicating that DNA synthesis in cells was increased, and that the cell cycle was arrested in S-phase.
Discussion
PTEN, as a tumor-suppressing gene, is widely expressed in numerous tissues and organs of the human body (16) . It can regulate apoptosis, participate in oncogenesis, and serve an important role in inducing cell cycle arrest, cell adhesion, migration and differentiation (17, 18) . It has been reported that, in the hematopoietic cells of mice with PTEN mutation or null expression, the abundance of myeloid cells and T lymphocytes increased, which was accompanied with enlarged lymph nodes of the liver and spleen; the onset of myeloid or lymphoid leukemia was then detected (19) . In addition, reduced function of PTEN was associated with a marked increase in the levels of phosphatidylinositol (3,4,5)-triphosphate and the activation of the Akt signaling pathways, contributing to tumorigenesis (20) . It is well reported that the regulation of Akt activity is mainly dependent upon PI3K activity. Therefore, Akt as an important downstream target protein of PI3K, and can effectively participate in mediating the cell cycle, apoptosis, and the occurrence of cancer by activating or inhibiting a variety of downstream target proteins (21) . To further determine the underlying mechanisms of FA toxicity, the expression levels of PTEN, PI3K and Akt were analyzed by RT-qPCR and western blotting in the present study. The results revealed that FA could decrease Table II . Effects of PI3K inhibitor on the cell cycle of bone marrow cells from mice. the expression of PTEN, while upregulating that of PI3K and Akt. This is consistent with the findings of the aforementioned reports. Therefore, the PTEN/PI3K/Akt signal transduction pathway may be involved in the process of BM toxicity induced by FA and serve a role in the onset of leukemia.
The cell cycle serves an important role in maintaining the growth and development of cells; however, the regulation of this biological process is complex (22) . Disruption of the regulatory mechanism can lead to uncontrolled cell growth and suppressed cell differentiation, which can induce apoptosis and tumorigenesis (23) . In the present study, following BMC treatment with different doses of FA for 24 h, cell viability was analyzed. The results suggested that FA could suppress cell viability with increasing concentrations of FA; significant differences between the FA and the Ctrl groups were observed. Furthermore, the cell cycle and apoptosis were investigated. After 24 h of treatment with FA, the proportion in BMCs in G 0 /G 1 -phase was increased, while the number of S-phase cells was decreased. Additionally, with the increasing concentrations of FA, the rate of apoptosis increased.
The PTEN/PI3K/Akt signal transduction pathway is involved in various processes, the regulation of the cell cycle. Akt can activate mTOR to promote cell cycle progression from G 0 /G 1 phase to S-phase; Akt is an important regulator of cell growth and proliferation (24, 25) . Therefore, in the present study, 10 µmol/l PI3K inhibitor (LY294002) was applied to suppress the PTEN/PI3K/Akt signal transduction pathway and 100 µmol/l FA was employed. Then, alterations in the cell cycle were investigated. The results demonstrated that FA could increase the proportion of cells in G 0 /G 1 -phase, whereas the number of cells in S-phase was decreased. Additionally, significant differences were also observed in the PI3K inhibitor group compared with FA group, with the results suggesting that LY294002 promoted DNA synthesis in cells and induced S-phase arrest. This suggested that the PTEN/PI3K/Akt signal transduction pathway served an important role in the cell cycle induced by FA, in which regulation of this process may affect apoptosis.
The occurrence of apoptosis is associated with the regulation of numerous genes in cells. It was reported that the members of the Bcl-2/Bax protein family are important downstream targets of the PI3K/Akt signal transduction pathway, and served a critical role in the onset of apoptosis (26, 27) . Therefore, in the present study, immunohistochemistry was conducted to examine the protein expression of Bcl-2, Bax, and Caspases-3 and -9. The results demonstrated that the expression levels of Bcl-2 were reduced with increasing concentrations of FA, while the expression of Bax, and Caspases-3 and -9 protein were upregulated. This suggested that FA could induce cell apoptosis via the mitochondrial apoptosis pathway, and this process may be associated with the PTEN/PI3K/Akt signal transduction pathway.
In conclusion, the results of the present study indicated the induction of the PTEN/PI3K/Akt signal transduction pathway in BMCs. FA could suppress cell viability, induce apoptosis and lead to cell cycle arrest. These effects may be associated with the inhibition of the PTEN/PI3K/Akt signal transduction pathway induced by FA. Furthermore, this pathway may be an underlying mechanism of FA-induced leukemia; however, further investigation is required.
